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Abstract 

A  solid  oxide  fuel  cell  (SOFC)  anode  with  high  sulfur  tolerance  was  developed  starting  from  a  Y-doped  SrTi03  (SYTO)-yttria  stabilized  zirconia 
(YSZ)  porous  electrode  backbone,  and  infiltrated  with  nano-sized  catalytic  ceria  and  Ru.  The  size  of  the  infiltrated  particles  on  the  SYTO-YSZ  pore 
walls  was  30-200  nm,  and  both  infiltrated  materials  improved  the  performance  of  the  SYTO-YSZ  anode  significantly.  The  infiltrated  ceria  covered 
most  of  the  surface  of  the  SYTO-YSZ  pore  walls,  while  Ru  was  dispersed  as  individual  nano-particles.  The  performance  and  sulfur  tolerance  of 
a  cathode  supported  cell  with  ceria-  and  Ru -infiltrated  SYTO-YSZ  anode  was  examined  in  humidified  H2  mixed  with  H2S.  The  anode  showed 
high  sulfur  tolerance  in  10-40  ppm  H2S,  and  the  cell  exhibited  a  constant  maximum  power  density  470mWcm-2  at  10 ppm  H2S,  at  1073  K. 
At  an  applied  current  density  0.5  A  cm-2,  the  addition  of  10  ppm  H2S  to  the  H2  fuel  dropped  the  cell  voltage  slightly,  from  0.79  to  0.78  Y,  but 
completely  recovered  quickly  after  the  H2S  was  stopped.  The  ceria-  and  Ru-infiltrated  SYTO-YSZ  anode  showed  much  higher  sulfur  tolerance 
than  conventional  Ni-YSZ  anodes. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  been  studied  as  a  promis¬ 
ing  energy  conversion  and  generating  system  due  to  their  high 
efficiency,  low  emissions,  and  their  potential  for  co-generation. 
A  significant  advantage  of  the  relatively  high  operating  temper¬ 
ature  of  SOFCs  is  that  it  enables  the  use  not  only  of  hydrogen 
but  also  of  a  variety  of  hydrocarbons  as  well  as  carbon  monox¬ 
ide.  However,  practical  fuels  such  as  natural  gas  are  likely  to 
expose  the  anode  materials  to  significant  sulfur  levels,  as  well 
as  to  carbon  deposition,  leading  to  catalysis  inhibition. 

Traditional  Ni-yttria  stabilized  zirconia  (YSZ)  anodes  have 
been  used  in  SOFCs  for  decades,  but  these  anodes  are  only 
able  to  tolerate  sulfur  concentration  at  the  ppm  level.  The  sul¬ 
fur  impurities,  which  are  present  primarily  as  hydrogen  sulfide 
(H2S),  are  expected  to  have  the  greatest  impact  on  SOFC  per¬ 
formance  and  lifetime  [1].  Geyer  et  al.  [2]  measured  impedance 
spectra  of  Ni-YSZ  anodes  with  and  without  5  ppm  H2S  in  hydro¬ 
gen  and  concluded  that  the  polarization  resistance  for  a  Ni-YSZ 
cermet  anode  doubled  at  5  ppm  H2S,  at  1223  K.  Primdahl  and 
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Morgensen  [3]  reported  that  poisoning  of  the  Ni  surface  by 
35  ppm  H2S  caused  a  60%  increase  in  polarization  resistance, 
and  may  be  fully  reversible  at  1 123  and  1273  K.  Matsuzaki  and 
Yasuda  [4]  studied  the  effect  of  sulfur  (H2S)  on  the  electrochem¬ 
ical  properties  of  Ni-based  anodes  by  cell  impedance  analysis 
at  1023-1273  K.  They  concluded  the  poisoning  effect  became 
more  significant  at  lower  operating  temperatures,  and  the  time 
needed  for  recovery  increased  with  decreasing  operating  tem¬ 
perature.  Ni-based  anodes  would  recover  from  sulfur  poisoning, 
but  this  recovery  took  360  ks  when  the  cell  had  been  exposed 
to  as  little  as  0.05  ppm  H2S  at  1023  K.  Sasaki  et  al.  [5]  also 
showed  that  sulfur  poisoning  becomes  serious  with  increasing 
H2S  concentration  and  decreasing  operating  temperature.  They 
concluded  that  sulfur  poisoning  of  Ni  based  anodes  consists  of 
at  least  two  states,  i.e.,  an  quick  initial  cell  voltage  drop  to  a 
(meta)stable  cell  voltage,  followed  by  a  gradual  and  fatal  cell 
voltage  drop  associated  with  the  accelerated  agglomeration  of 
Ni  particles. 

Low  and  intermediate  temperature  SOFCs  have  received 
more  attention  recently  due  to  the  less  severe  requirements 
for  materials  compatibilities  at  higher  temperature.  As  a  result, 
reducing  the  SOFC  operating  temperature  may  greatly  lower 
fabrication  and  material  cost.  Since  sulfur  tolerance  of  traditional 
Ni-YSZ  anodes  drops  down  drastically  at  lower  temperatures, 
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Fig.  1.  An  alternative  design  for  sulfur  tolerant  anode  with  mixed  ionic  and  electronic  conductor  (MIEC)  and  dispersed  catalyst. 


alternative  sulfur  tolerant  anodes  are  needed  to  allow  the  direct 
use  of  practical  fuels,  without  the  need  for  extensive  reforming 
and  fuel  conditioning.  Several  candidates  for  alternative  anode 
materials  have  been  studied.  Sulfur  tolerance  was  improved  by 
using  SC2O3 -doped  ZrC>2  instead  of  YSZ  as  the  electrolyte  com¬ 
ponent  in  anode  cermets  [5] .  Kim  et  al.  [6]  studied  the  possibility 
of  direct  oxidation  of  sulfur-containing  fuels  with  Cu-ceria-YSZ 
anodes.  They  demonstrated  that  Cu  was  not  strongly  affected  by 
sulfur  and  Cu-ceria-YSZ  anode  was  stable  in  100  ppm  sulfur  at 
973  K,  while  the  cell  performance  declined  in  5000  ppm  sulfur 
because  of  the  formation  of  Ce2C>2S.  Cu-ceria-YSZ  anode  has 
been  studied  for  direct  oxidation  hydrocarbons  [7,8]  because  Ni 
is  very  vulnerable  to  carbon  poisoning.  The  combination  of  Cu 
and  ceria  is  one  of  promising  alternative  cermet  anodes  since 
Cu  is  an  excellent  electric  conductor  and  ceria  is  a  well-known 
oxidation  catalyst  and  has  high  ionic  conductivity.  One  potential 
issue,  however,  was  the  extended  morphological  stability  of  Cu 
metal. 

Applying  oxides  instead  of  cermets  is  alternative  approach 
for  anodes.  Atkinson  et  al.  [9],  Jiang  and  Chan  [10]  discussed 
several  oxide  anode  materials.  Considering  their  redox  stabil¬ 
ity,  doped-ceria  [11,12],  Sc-Y-Zr-Ti-0  [13],  (La,Sr)(Cr,M)03 
(M  =  Mn,  Ru)  [14,15],  (Ba,Sr,Ca)(Ti,Nb)03  [16],  doped  SrTi03 
and  (La,Sr)TiOx  [17-20]  could  be  potential  candidates  for  alter¬ 
native  anodes.  We  have  focused  on  doped  SrTi03  as  anode 
backbone  component  because,  among  these  materials,  doped 
SrTi03  has  the  highest  known  electrical  conductivity  in  the 
anode  gas  environment  [9,20].  SrTi03  is  a  chemically  stable 
perovskite  known  to  be  a  mixed  ionic  and  electronic  conductor 
(MIEC),  and  can  be  converted  into  an  n-type  semiconductor 
either  by  reduction  or  by  doping  with  donors  such  as  La3+, 
Y3+  on  the  Sr-site  and  Nb5+  on  the  Ti-site.  Hui  and  Petrie  [20] 
reported  that  Y-doped  SrTi03  showed  80  S  cm-1  at  1073  K  in  a 
reducing  atmosphere  ( Po2  =  10“ 14  Pa),  which  is  a  typical  anode 
condition  for  SOFCs. 

The  high  performance  of  traditional  Ni-YSZ  anode  in  hydro¬ 
gen  depends  significantly  on  the  properties  of  the  Ni  because  Ni 
performs  multiple  functions,  including  forming  the  electron  con¬ 
duction  network,  providing  catalysis  as  well  as  giving  structural 
integrity  to  the  anode.  An  effective  sulfur- tolerant  anode  material 
should  be  chemically  and  electrochemically  stable,  catalytically 
active,  and  electronically  conductive  at  SOFC  operating  con¬ 


ditions,  and  it  has  been  difficult  to  find  an  alternative  that  is 
better  than  Ni- Y SZ.  One  approach  is  to  separate  the  functions  by 
replacing  Ni  with  a  mixed  ionic-electronic  conductor  oxide  and 
introduce  as  dispersed  catalyst  as  shown  schematically  in  Fig.  1 . 
When  using  an  electronically  conductive  material  such  as  Ni,  the 
triple  phase  boundary  (TPB)  is  confined  to  the  contact  points 
between  the  electrode,  electrolyte,  and  gas  phase.  Replacing  Ni 
by  an  MIEC  oxide  and  adding  dispersed  nano- sized  catalytic 
materials  increases  this  catalytically  active  area.  The  combi¬ 
nation  of  a  MIEC  and  dispersed  catalysts  might  result  in  an 
acceptable  performance  even  in  sulfur-containing  atmospheres. 

Catalytic  infiltration  (or  impregnation)  is  a  common  tech¬ 
nique  for  polymer  membrane  fuel  cell  electrodes  to  disperse 
particles,  and  has  recently  been  introduced  for  SOFC  electrodes 
[21-24].  Jiang  [25]  recently  reviewed  the  great  potential  of  this 
technique  in  the  development  of  nano- structure  electrodes.  The 
catalysts  are  usually  introduced  as  liquid  nitrates  in  already- 
formed  porous  electrodes.  This  method  expands  the  range  of 
choices  for  effective  electrode  materials  combinations  because 
of  the  elimination  of  thermal  expansion  mismatch  and  the  sup¬ 
pression  of  possible  deleterious  reactions  among  the  electrode 
and  electrolyte  materials  during  the  membrane  fabrication. 

In  the  present  study,  Y-doped  SrTi03  was  chosen  as  a  MIEC 
anode  material  combined  with  Y SZ,  and  ceria  or  Ru  were  used  as 
dispersed  catalysts,  to  demonstrate  highly  sulfur- tolerant  anodes 
since  ceria  and  Ru  are  known  as  good  anode  catalyst  [26-28]. 
The  infiltrated  anodes  were  evaluated  in  10-40  ppm  hydrogen 
sulfide  balanced  with  hydrogen,  at  the  temperatures  between 
973  and  1073  K.  The  effect  of  catalytic  infiltration  on  the  porous 
anode  structure  is  discussed  and  potentially  high-sulfur  tolerant 
anodes  were  investigated. 

2.  Experimental 

Prior  to  cell  preparation,  Y-doped  SrTi03  powder  was  pre¬ 
pared  by  the  Pechini  method  [29].  Titanium  isopropoxide  (Alfa 
Aesar)  and  citric  acid  (CA)  (Alfa  Aesar)  were  put  in  ethylene 
glycol  (EG)  (Alfa  Aesar)  in  a  mole  ratio  of  Ti:CA:EG  =  1 :4:9.33 
to  make  a  Ti  solution.  The  mixture  was  heated  to  340-370  K  on 
a  hot  plate  and  mixed  with  a  stirrer  to  dissolve  the  CA  pow¬ 
der.  A  sampling  of  the  solution  put  into  a  crucible  and  fired  at 
1073  K  for  14.4  ks  to  obtain  an  accurate  Ti  concentration  of  the 
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solution.  The  Ti  concentration  of  the  solution  was  calculated 
from  the  weight  of  the  TiC>2  residual.  The  titanium  solution 
was  put  in  a  Pyrex  beaker,  and  heated  to  340-370  K  with  a 
hot  plate,  and  appropriate  amounts  of  SrC03  (Alfa  Aesar)  and 
Y2(C03)3  *H20  (x  ~  3)  (Alfa  Aesar)  were  introduced  in  the  hot 
liquid  slowly,  since  carbon  dioxide  release  cause  foaming.  The 
solution  was  heated  further  to  about  over  573  K,  and  dried  fur¬ 
ther  under  a  heating  lamp.  The  resulting  solid  was  hand  ground 
in  a  mortar  and  pestle,  put  in  an  alumina  crucible,  and  pre-fired 
at  873  K  for  14.4  ks  to  remove  any  residual  carbon.  After  pre¬ 
firing,  the  powder  was  examined  X-ray  diffraction  (XRD)  with 
Cu  Ka  radiation,  confirming  that  Sro.ssYo.sTiC^  (SYTO)  had 
been  synthesized. 

Two  types  of  cells  were  prepared.  First,  half-cells  using  a 
thick  YSZ  electrolyte  disk  (~0.5  mm)  were  used  to  investigate 
the  microstructure  and  properties  of  the  Y-doped  SrTi03-YSZ 
anodes,  w/w  infiltrated  materials.  A  20  g  of  8  mol%  Y2O3 -doped 
ZrC>2  (Tosoh)  was  mixed  with  2wt.%  of  menhaden  fish  oil 
(MFO)  (Sigma)  as  a  binder  and  ~50  ml  isopropyl  alcohol  (IPA) 
(VWR),  then  ball  milled  with  3  mm  zirconia  milling  balls  (Union 
Process)  for  86.4 ks.  A  binder  containing  2wt.%  of  poly(vinyl 
butyral-co- vinyl  alcohol-co- vinyl  acetate)  (PVB)  (Aldrich)  and 
dibutyl  phthalate  (Mallinckrodt)  as  a  plasticizer  was  added  to  the 
resultant  solution  and  ball  milled  again  for  3.6  ks.  The  solution 
was  stirred  and  dried  under  a  heat  lamp.  The  resultant  agglom¬ 
erated  YSZ  was  ground  with  a  mortar  and  pestle,  and  passed 
through  a  150  p,m  mesh  sieve.  The  sieved  YSZ  powder  was 
then  uniaxially  pressed  into  disks  with  a  diameter  of  38  mm  at 
103  MPa  (15kpsi)  using  a  stainless  steel  die.  The  YSZ  disks 
were  sintered  at  1673  K  for  14.4  ks  in  air.  To  prepare  anode  sus¬ 
pension,  2g  of  a  SYTO- YSZ  mixture  in  a  weight  ratio  of  1:1 
was  attritor-milled  with  0. 1  g  of  MFO,  1  drop  of  dibutyl  phthalate 
and  50  ml  of  IPA,  using  3  mm  zirconia  milling  balls  for  3.6  ks, 
at  500  rpm.  This  anode  suspension  was  ultrasonically  dispersed 
and  deposited  onto  the  YSZ  disks  using  aerosol  spraying  to  form 
a  thin  anode  layer  with  an  area  of  10  mm  x  10  mm.  The  weight 
change  of  the  disks  was  carefully  measured  during  spraying  to 
bring  the  anode  thickness  to  15-20  p,m.  The  disks  were  then 
fired  in  a  reducing  atmosphere  furnace  with  Ar-4%H2  at  a  flow 
rate  of  1  mis-1  (60  ml  min-1),  at  1573  K  for  14.4  ks.  For  elec¬ 
trochemical  testing,  a  Pt  mesh  current  collector  was  attached 
with  Pt  paste  to  both  sides  of  the  disks,  and  reference  electrodes 
were  attached  on  the  cathode  side;  then,  the  cell  was  fired  at 
1 173  K  for  1 .8  ks  to  secure  the  Pt  mesh  to  the  cell. 

Thin  film,  cathode- supported  cells  were  prepared  with  Sr- 
doped  lanthanum  manganese  oxide  (LSM)  to  investigate  the 
performance  and  sulfur  tolerance  of  infiltrated  SYTO- YSZ 
anodes.  A  mixture  of  LSM- YSZ  was  prepared  with  10  g  of  YSZ 
powder  (Tosoh),  10  g  of  Lao.65Sro.3Mn03_s  powder  (Praxair 
Specialty  Ceramics),  2.5  wt.%  of  MFO,  PVB  and  dibutyl  phtha¬ 
late.  These  materials  were  attritor-milled  using  YSZ  balls,  in 
IPA,  for  3.6 ks,  at  500 rpm.  The  suspension  was  then  put  in  a 
beaker  and  9  g  of  pore  former;  KS6  graphite  (Timrex)  was  added 
with  2.5  wt.%  of  MFO,  PVB  and  dibutyl  phthalate.  The  solu¬ 
tion  was  stirred  and  dried  under  a  heating  lamp.  The  resultant 
agglomerated  LSM- YSZ  was  ground  with  a  mortar  and  pestle, 
and  passed  through  a  150  [xm  mesh  sieve.  The  sieved  LSM- 


YSZ  powder  was  uniaxially  pressed  into  disks  with  a  diameter 
of  25  mm  at  103  MPa  (15  kpsi)  using  a  stainless  steel  die,  then 
pre-fired  at  973  K  for  14.4  ks  in  air.  To  prepare  the  electrolyte 
suspension,  a  mixture  of  2  g  of  YSZ,  0.1  g  of  MFO,  1  drop  of 
dibutyl  phthalate  and  50  ml  of  IPA,  was  attritor-milled  for  3.6  ks, 
at  500  rpm.  This  suspension  was  used  for  depositing  thin  YSZ 
electrolytes  (~10p,m)  onto  the  LSM- YSZ  support  by  aerosol 
spraying.  The  resultant  bilayers  were  sintered  at  1573  K  for 
14.4  ks  in  air.  The  graphite  in  the  cathode  layer  was  burned  out, 
leaving  a  porous  LSM- YSZ  cathode.  The  anode  suspension  of 
SYTO- YSZ  was  then  ultrasonically  dispersed,  and  sprayed  onto 
the  YSZ  electrolyte  to  form  a  thin  anode  layer  (15-20  |uim)  with 
an  area  of  7  mm  x  7  mm.  The  resultant  trilayer  disks  were  sin¬ 
tered  at  1473  K  for  7.2  ks  in  air.  Pt  mesh  current  collectors  were 
attached  to  the  cathode  and  anode,  and  the  assembled  cell  was 
fired  at  1 173  K  for  1.8  ks  to  attach  the  Pt  mesh. 

A  solution  of  ceria  precursor  was  prepared  by  mixing  6.20  g 
of  Ce(N03)3*6H20  (Alfa  Aesar)  and  0.3  g  of  a  commercial 
polymeric  dispersant,  Triton-X  (Union  Carbide  Chemical  and 
Plastics  Co.,  Inc.)  with  1  ml  of  H2O.  The  mixture  was  subse¬ 
quently  heated  to  about  373  K  to  produce  a  high  concentrated 
solution.  The  precursor  solution  was  infiltrated  into  the  porous 
structure  of  SYTO- YSZ  using  a  vacuum  impregnation  appa¬ 
ratus  (Epovac,  Struers),  and  pre-heated  to  923  K  for  1.8  ks  in 
air  to  convert  the  precursor.  A  0.1  M  Ru  solution  also  was  pre¬ 
pared  with  RuC^-MUO  (x  <  1 )  (Sigma- Aldrich)  and  IPA.  The 
Ru  solution  was  infiltrated  in  the  porous  structure  of  SYTO- YSZ 
by  using  a  microsyringe,  then  dried  at  room  temperature. 

The  experimental  setup  for  the  sulfur  tolerance  test  was  con¬ 
structed  as  shown  in  Fig.  2.  The  gas  flow  system  consists  of 
stainless  steel  tubes,  flow  controllers,  valves  and  glass  parts:  a 
water  vapor  saturator  and  scrubber.  About  3%  of  water  vapor 
was  added  to  the  fuel  gas  by  flowing  the  H2  gas  through  the 
water  vapor  saturator  at  298  K.  Nitrogen  was  used  to  purge  the 
system  before  H2  and  H2S  was  introduced.  A  10-40  ppm  H2S 
gas  was  generated  by  mixing  a  pure  H2  flow  with  a  controlled 
flow  of  50  ppm  H2S  premixed  H2  gas.  The  total  gas  flow  rate  was 
fixed  at  8.3  x  10-7  m3  s-1  (50  ml  min-1).  The  cells  were  sealed 
onto  a  short  alumina  tube  (height:  12  mm)  with  ceramic  cement 
552  (Aremco)  to  separate  the  cell  from  the  test  rig,  so  it  could 
be  used  again  after  infiltration.  The  Pt  mesh  on  anode  side  was 
connected  to  the  inside  Pt  current  collector  wires  using  a  spot 
welding  machine,  and  the  short  alumina  with  the  mounted  cell 
tube  was  affixed  to  the  test  rig  alumina  tube.  The  gap  between 
the  short  alumina  tube  and  main  alumina  test  rig  tube  was  sealed 
with  Aremco  552  cement.  After  drying  the  cement  at  room  tem¬ 
perature,  the  completed  test  rig  was  placed  in  the  isothermal 
zone  of  the  furnace.  The  cell  was  heated  to  the  curing  temper¬ 
atures  of  the  ceramic  cement,  subsequently  heated  to  1073  K 
in  rate  of  0.05  Ks-1  (3  Kmin-1),  and  pre-treated  at  1073  K  in 
3%  humidified  H2  for  43.2  ks  before  electrochemical  testing. 
The  impedance  spectra  of  the  cells  were  measured  under  near¬ 
open  circuit  condition  in  the  range  of  0. 1  Hz  to  1  MHz  by  the 
combination  of  a  Solartron  frequency  response  analyzer  1255 
and  a  Solartron  electrochemical  interface  1286,  with  10  mV 
peak-to-peak  applied  ac  voltage.  The  current-voltage  (/-V)  char¬ 
acteristics  were  measured  between  973  and  1073  K,  with  an 
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Fig.  2.  Schematic  diagram  of  experimental  apparatus  for  sulfur-tolerant  anode  test. 


Agilent  34970 A  data  acquisition  switch  unit,  and  a  Kepco  BOP 
20-5M  bipolar  power  supply/amplifier.  After  electrochemical 
testing,  the  cells  were  fractured  and  the  microstructures  were 
examined  with  a  Hitachi  S-4300SE/N  field  emission  scanning 
electron  microscope  (FE-SEM). 


The  microstructures  of  the  anodes  of  the  half-cells  were 
observed  after  impedance  testing.  Fig.  4  shows  secondary  elec¬ 
tron  micrographs  of  the  anode  micro  structures  of  SYTO-YSZ, 
SYTO-YSZ  with  ceria  infiltration  and  SYTO-YSZ  with  Ru 
infiltration.  The  particles  of  SYTO  and  YSZ  were  connected, 


3.  Results  and  discussion 

3.1.  Electrochemical  properties  and  micro  structures 

In  an  alternative  anode  design  such  as  shown  schematically 
in  Fig.  1,  the  dispersed  catalysts  in  the  anode  structure  play 
a  very  important  role.  The  MIEC  oxide  of  choice,  Y-doped 
SrTi03  has  high  electric  conductivity  under  anode  conditions, 
but  has  no  reported  catalytic  activity.  The  performance  of  the 
bare  SYTO-YSZ  anode  must  thus  be  enhanced  by  catalytic 
materials  to  be  of  practical  use.  The  anodes  deposited  on  the 
half-cells  were  examined  in  3%  humidified  H2.  Fig.  3  shows  the 
AC  impedance  spectra  of  these  anode  half-cells  before  and  after 
infiltration.  Both  ceria  and  Ru  infiltration  significantly  decrease 
the  polarization  resistance,  and  improve  the  cell  performance 
while  the  Ohmic  resistance  was  hardly  changed,  as  shown  in 
Fig.  3(a  and  b).  The  area-specific  polarization  resistance  for  the 
ceria-infiltrated  cell  was  about  1.3  Q  cm-2  at  1073  K  while  that 
for  non-infiltrated  cell  was  about  2.6  £2  cm-2.  The  polarization 
resistance  for  the  Ru-infiltrated  cell  was  about  0.8  Q  cm-2,  while 
that  for  non-infiltrated  cell  was  about  2.6  Q  cm-2.  Ru  infiltration 
was  also  applied  to  ceria-infiltrated  SYTO-YSZ.  The  combi¬ 
nation  of  ceria  and  Ru  infiltration  decreased  the  polarization 
resistance  of  the  cell  drastically  as  shown  in  Fig.  3(c).  The  polar¬ 
ization  resistance  for  the  infiltrated  cell  was  about  0.5  Q  cm-2  at 
1073  K  while  that  for  non-infiltrated  cell  was  about  2.9  Q  cm-2. 
These  impedance  plots  showed  that  ceria  and  Ru  were  effective 
catalysts  in  the  SYTO-YSZ  anode. 
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Fig.  3.  Impedance  spectra  at  1073  K  for  the  cells:  (a)  before  and  after  the  ceria 
infiltration,  (b)  before  and  after  the  Ru  infiltration  and  (c)  before  and  after  the 
ceria  and  Ru  infiltration. 
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Fig.  4.  Secondary  electron  micrographs  of  anode  microstructures;  (a)  SYTO- 
YSZ,  (b)  SYTO-YSZ  with  ceria  infiltration  and  (c)  SYTO-YSZ  with  Ru 
infiltration. 


forming  a  good  network  with  appropriate  porosity.  The  infil¬ 
trated  ceria  covered  most  of  the  pore  walls  of  the  SYTO-YSZ 
backbone,  as  shown  in  Fig.  4(b).  The  size  of  the  ceria  particles 
was  30-200  nm  and  the  thickness  of  the  layer  was  approximately 
200  nm  at  the  maximum.  Assuming  the  porosity  of  the  anode  was 
50%,  the  estimated  volume  ratio  of  ceria  in  the  anode  layer  was 
3.3  vol.%.  Sholklapper  et  al.  [24]  reported  that  catalyst  infiltra¬ 
tion  with  nitrate  by  vacuum  impregnation  method  could  deposit 
30-100  nm  LSM  particles  on  the  walls  of  a  porous  YSZ  cath¬ 
ode.  Fig.  4(b)  indicated  that  this  technique  could  be  applied 


effectively  to  ceria  infiltration  into  porous  anodes.  The  advan¬ 
tage  of  this  method  is  not  only  that  various  kinds  of  sub-micron 
size  oxides  can  be  deposited  effectively  into  porous  electrodes, 
but  also  that  it  is  a  simple  procedure.  Ceria  is  well  known  as 
a  catalytic  material,  and  is  a  MIEC  in  reducing  atmospheres  as 
well.  Placing  mixed  conducting  materials  as  a  continuous  thin 
layer  on  the  walls  of  the  anode  backbone  extends  both  ionic 
and  electronic  character  of  the  anode,  making  the  whole  wall 
surface  catalytically  active,  leading  to  significant  improvements 
in  anode  performance.  Rare-earth  elements  can  further  be  used 
doped  to  enhance  the  electrical  and  ionic  conductivity  of  the 
ceria,  as  is  known,  e.g.,  for  Sm-doped  ceria  (SDC)  and  Gd-doped 
ceria  (GDC)  [30].  Doped  ceria  has  a  high  resistance  to  carbon 
deposition  but  its  activity  for  hydrocarbon  oxidation  was  lower 
than  that  of  undoped  ceria,  and  the  requirement  for  adding  an 
active  oxidation  catalyst  has  been  proposed  [12].  Since  undoped- 
ceria  infiltration  already  decreased  the  polarization  resistance  of 
SYTO-YSZ  anode,  an  alternative  anode  using  with  doped  ceria 
infiltration  may  improve  performance  even  more. 

Introducing  a  second  active  catalyst  onto  the  thin  ceria  layer 
is  another  option  for  further  improving  the  anode  performance. 
The  impedance  spectra  of  ceria  and  Ru  dually  infiltrated  SYTO- 
YSZ  anodes  support  this  idea  as  shown  in  Fig.  3(c).  We  used 
Ru  as  a  dispersed  catalyst  because  it  is  known  as  a  good  cata¬ 
lyst  for  hydrogen  oxidation  and  hydrocarbon  oxidation.  Suzuki 
et  al.  [26]  demonstrated  that  the  Ru/YSZ  cermet  has  a  high 
catalytic  activity  and  a  high  resistance  to  carbon  deposition. 
They  reported  that  the  polarization  resistance  of  Ru/YSZ  cer¬ 
met  was  smaller  than  that  of  Ni/YSZ  at  1273  K.  Sun  et  al. 
[27]  investigated  flowerlike,  mesoporous  ceria-Ru  as  a  reform¬ 
ing  catalyst  layer  and  reported  that  a  pronounced  performance 
improvement  was  observed  when  a  catalyst  layer  was  added 
on  a  Ni-SDC  anode  layer.  Zhan  and  Barnett  [28]  examined  the 
effect  of  a  ceria-Ru  catalyst  layer  in  combination  with  traditional 
anodes,  Ni-YSZ  and  Ni-SDC,  and  reported  that  the  catalyst 
layer  allowed  internal  reforming  of  iso-octane  without  coking. 
Though  the  ceria-Ru  catalyst  layer  showed  very  good  perfor¬ 
mance  for  hydrocarbons,  they  described  also  three  drawbacks 
of  the  catalyst  layer:  reduced  fuel  diffusion  to  the  anode,  current 
collection  problems  and  the  cost  of  Ru.  However,  applying  a 
low  catalyst  loading  by  infiltration  in  non-Ni  based  anode  struc¬ 
tures  such  as  SYTO-YSZ  can  remove  these  drawbacks  for  the 
ceria-Ru  catalyst. 

Small  particles  of  Ru  were  observed  on  SYTO-YSZ  network 
as  shown  in  Fig.  4(c).  The  size  of  the  particles  was  30-200  nm 
and  the  particles  were  dispersed  onto  the  pore  walls  of  the  anode 
backbone.  The  amount  of  Ru  particles  was  low  because  the  con¬ 
centration  of  the  precursor  was  0. 1  M,  and  the  estimated  volume 
ratio  of  Ru  in  the  anode  layer  was  only  0.04  vol.%.  Yet,  infil¬ 
trated  Ru  improved  significantly  the  cell  performance  as  shown 
Fig.  3(b)  in  spite  of  this  very  low  loading.  Though  Ru  is  one 
of  noble  metals,  the  current  price  is  relatively  low  among  the 
platinum-group  noble  metals  as  shown  in  Table  1 .  In  the  infil¬ 
tration  method,  the  necessary  amount  of  Ru  for  a  1  cm2  anode 
area  is  at  most  1  [xmol.  If  a  cell  would  operate  at  power  density 
of  only  100  mW  cm-2,  the  cost  metallic  Ru  for  1  kW  stack  is 
only  US$  1.85.  Catalyst  infiltration  with  Ru  can  therefore  be  a 


Table  1 
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Price/US$  (ozt)-la 

Molecular  weight 

Cost  for  1  mol/ US  $ 

Cost  for  1  kW/US$  (in  case  of  lOOmW  cm  2) 

Platinum,  Pt 

852 

195.08 

5344 

53.44 

Palladium,  Pd 

252 

106.42 

862 

8.62 

Rhodium,  Rh 

736 

102.91 

2435 

24.35 

Ruthenium,  Ru 

57 

101.07 

185 

1.85 

Quoted  from  Ref.  [31],  ozt:  troy  ounce  =  31.1035  g. 


cost-effective  method  to  improve  the  catalytic  performance  of 
anodes. 

The  cathode  support  cells  with  ceria-  and  Ru-infiltrated 
SYTO-YSZ  anode  were  prepared  to  investigate  the  sulfur  toler¬ 
ance  of  the  anode.  Fig.  5  shows  current-voltage  characteristics 
and  power  density  of  a  cathode  support  cell  with  ceria-  and  Ru- 
infiltrated  SYTO-YSZ  anode  at  973-873  K  in  3 %  humidified  H2 . 
The  peak  power  density  of  the  cell  was  510  mW  cm-2  at  1073  K, 
at  0.85  mA  cm-2  and  240  mW  cm-2  at  973  K,  at  0.5  mA  cm-2. 
The  impedance  spectra  of  the  cells  were  measured  at  1073  K  in 
humidified  H2,  and  in  humidified  H2  +  H2S  mixtures  as  shown 
in  Fig.  6.  Two  arcs  were  observed  in  the  spectra,  and  the  summit 
frequencies  of  the  high  and  low  frequency  arcs  were  1  kHz  and 
13  Hz,  respectively.  Though  the  analysis  of  impedance  spectra 
of  multi-player  fuel  cells  is  complicated,  the  low  frequency  arc 
is  generally  considered  to  be  associated  with  a  gas  diffusion  and 
conversion  processes  [32],  while  the  high  frequency  arc  is  con¬ 
sidered  to  be  related  to  charge  transfer  process  of  electrodes.  The 
size  of  the  high  frequency  arcs  did  not  change  very  much,  while 
that  of  low  frequency  arcs  changed  by  the  presence  of  H2S.  The 
size  of  the  low  frequency  arc  was  increased  by  5 , 8  and  2 1  %  in  1 0, 
20  and  40  ppm  H2S,  respectively  (an  arc  fitting  calculation  was 
carried  out  between  1  and  100  Hz  to  obtain  these  values).  The 
polarization  resistance  of  the  anode  quickly  changed  after  H2S 
was  introduced  because  the  arcs  at  1 .2  and  at  3.6  ks  were  almost 
the  same.  After  the  cell  was  exposed  to  10  ppm  H2S  for  3.6  ks, 
H2S  gas  was  stopped  and  the  low  frequency  arc  of  the  impedance 
spectra  was  completely  recovered  within  10.8  ks,  while  the  arc 


Fig.  5.  Cell  voltage  and  power  density  as  a  function  of  current  density  for  a  cath¬ 
ode  support  cell  with  ceria-  and  Ru-infiltrated  SYTO-YSZ  anode  at  973-873  K. 


did  not  recover  completely  within  10.8  ks  in  the  case  of  40  ppm. 
For  comparison,  for  a  Ni-YSZ  anode  the  polarization  resistance 
almost  doubled  in  response  to  only  a  1  ppm  H2S  contamination 
at  1 173  K,  and  took  90  ks  to  recover  [4].  The  SYTO-YSZ  anode 
with  ceria  and  Ru  infiltration  clearly  showed  a  superior  sulfur 
tolerance  compared  to  conventional  Ni-YSZ  anodes.  Though  the 
infiltrated  SYTO-YSZ  anode  materials  must  be  stable  and  can¬ 
not  react  with  H2S,  the  impedance  was  increased  and  recovered 
quickly  in  the  ppm-level  H2S  atmospheres.  This  phenomenon 
might  be  associated  with  the  reversible  adsorption  of  gaseous 
sulfur  species,  which  block  active  triple  phase  boundaries  for 
oxidation  of  hydrogen. 

A  constant  current  was  applied  to  check  stability  of  the  cell  in 
the  10  ppm  H2S/H2  atmosphere.  The  cell  voltage  was  monitored 
under  a  fixed  current  density  of  0.5  A  cm-2,  and  the  fuel  atmo¬ 
sphere  was  changed  as  shown  in  Fig.  7.  The  cell  voltage  quickly 
dropped  only  from  0.79  to  0.78  V  in  1 .6  ks  when  H2S  was  added 
to  hydrogen  and  the  cell  voltage  recovered  in  ~4ks  after  H2S 
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Fig.  6.  Impedance  spectra  at  1073  K  for  a  cathode  support  cell  with  ceria- 
and  Ru-infiltrated  SYTO-YSZ  anode,  (a)  10 ppm  H2S,  (b)  20 ppm  H2S  and 
(c)  40 ppm  H2S. 
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Fig.  7.  Cell  voltage  as  a  function  of  time  for  a  cell  exposed  to  10  ppm  H2S  at 
1073  K. 

was  stopped.  These  degradation  and  recovery  times  correspond 
to  the  impedance  spectra  of  Fig.  6(a).  Note  though  that  the  recov¬ 
ery  time  was  longer  than  the  degradation  time.  Fig.  8  shows 
current-voltage  characteristics  and  power  density  of  the  cell 
exposed  to  10  ppm  H2S  at  1073  K.  The  peak  power  density  of  the 
cell  dropped  slightly  from  510  to  470  mW  cm-2  after  H2S  was 
added.  The  current-voltage  characteristics  was  constant  from 
10.8  to  21.6  ks  during  F^S  exposure,  and  it  almost  recovered  in 
10.8  ks  after  F^S  stopped  even  though  the  power  density  curve 
was  very  slightly  shifted  to  the  right.  Figs.  7  and  8  indicate  that 
the  performance  of  ceria-  and  Ru-infiltrated  SYTO-YSZ  anode 
did  not  decline  very  much  in  10  ppm  H2S  under  current.  The 
microstructure  of  the  cathode  support  cell  was  observed  after 
the  sulfur  test  as  shown  in  Fig.  9.  The  thickness  of  the  elec¬ 
trolyte  and  anode  layer  was  about  10  and  20  p,m,  respectively, 
and  both  electrode  layers  have  appropriate  porosity  for  gas  diffu¬ 
sion  as  shown  in  Fig.  9(a).  In  the  anode  layer,  very  small  particles 
covered  the  SYTO-YSZ  backbone,  as  shown  in  Fig.  9(b).  It  was 
difficult  to  distinguish  ceria  and  Ru,  but  according  to  Fig.  4,  most 
of  particles  must  be  ceria  and  only  some  particles  would  be  Ru. 
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Fig.  8.  Cell  voltage  and  power  density  as  a  function  of  current  density  for  a  cell 
exposed  to  10  ppm  H2S  at  1073  K. 


Fig.  9.  Secondary  electron  micrographs  of  cathode  support  cell  tested  in  H2S 
conditions. 


Significant  voltage  drop  for  Ni-based  anodes  exposed  to  ppm- 
level  H2S  was  reported  by  Sasaki  et  al.  [5],  e.g.,  the  voltage  of  a 
cell  with  Ni-YSZ  anode  dropped  by  about  0.5  V  in  5  ppm  H2S 
at  0.2  A  cm-2,  at  1 123  K.  In  general,  5-10  ppm  is  the  maximum 
amount  of  sulfur-containing  compounds  (added  intentionally 
as  an  odorant)  for  natural  gas.  This  exceeds  the  tolerance  of 
traditional  Ni-YSZ  anodes.  Sulfur  removers  need  then  to  be 
incorporated  in  the  SOFC  system,  when  odorized  natural  gas 
is  contemplated  as  a  fuel  for  SOFCs  with  conventional  Ni- 
YSZ  anode.  If  cost-effective  high  sulfur  tolerant  anodes  were 
used  as  described  here,  sulfur  removal  is  not  needed,  allowing 
a  significant  system  cost  reduction.  In  the  present  study,  ceria- 
and  Ru-infiltrated  SYTO-YSZ  anode  showed  much  higher  sul¬ 
fur  tolerance  than  traditional  Ni-YSZ  anodes,  and  demonstrated 
the  possibility  of  MIEC-YSZ  anode  and  nano-sized  catalytic 
infiltrations  for  SOFCs. 

3.2.  Chemical  stability  of  nano-sized  catalysts 

The  MIEC  oxide  for  the  anode  structure,  Y-doped  SrTi03 
must  be  stable  in  SOFC  anode  conditions  including  ppm-level 
sulfur  since  each  single  element  of  the  material  (Y,  Sr  and  Ti) 
does  not  react  with  sulfur  in  the  anode  conditions.  But  the  chem¬ 
ical  stability  of  the  dispersed  catalysts  should  be  discussed  since 
the  size  of  the  catalysts  was  very  small,  and  reaction  with  sul- 
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fur  could  be  detrimental.  Ferrizz  et  al.  [33]  investigates  Ce-O-S 
phase  diagrams  between  873  and  1073  K,  and  reported  that  the 
formation  of  Ce2C>2S  requires  higher  sulfur  partial  pressures 
than  suggested  in  previous  studies,  especially  at  lower  tem¬ 
peratures.  Phase  stability  diagrams  of  Ru-O-S  and  Ni-O-S 
were  calculated  from  available  thermodynamic  data  [34],  and 
compared  with  reported  Ce-O-S  diagram  [33]  at  1073  K  as 
shown  in  Fig.  10.  The  oxygen  partial  pressure  range  of  typical 
SOFC  anode  conditions  corresponding  to  H2/H2O  =  97/3-10/90 
(inlet-outlet)  is  log(Po2/Pa)  =  —16.4 to  —  11.5  at  1073  K.  In 
this  oxygen  partial  pressure  range,  cerium  should  exist  as 
Ce202S  at  higher  sulfur  and  low  oxygen  partial  pressure.  Kim 
et  al.  [6]  reported  that  the  cell  performance  with  Cu-ceria-YSZ 
anode  was  stable  in  100  ppm  sulfur  for  360  ks  while  it  declined 
in  5000  ppm  sulfur.  The  phase  diagrams  of  M-O-S  should  be 
used  carefully  because  the  actual  Ps2  in  the  anode  is  usually 
much  less  than  the  Ph2s-  Kim  et  al.  reported  that  the  actual  val¬ 
ues  of  the  PSl  were  much  lower  than  the  Pr2s  ones,  and  the 
experimental  results  for  ceria  stability  were  in  agreement  with 
the  phase  stability  diagram.  In  the  present  study,  the  equilibrium 
partial  pressure  of  S2,  Ps2,  was  estimated  from  the  reactions: 
H2S  +  |02  =  SO2  +  H2O  and  S2  +  2O2  =  SO2  from  thermo¬ 
dynamic  data  [33],  and  was  about  10-9Pa  at  10  ppm  H2S,  at 
1073  K.  Ceria  catalyst  must  be  stable  in  ~40ppm  H2S,  and 
the  effect  of  sulfur  on  the  performance  ceria-based  catalysts 
under  reducing  conditions  should  be  negligible  small  in  low 
sulfur  conditions.  Partial  pressure  of  sulfur,  Ps2,  at  the  phase 
boundary  of  Ru/RuS2  is  6.9  x  10-2  Pa  while  that  of  Ni/Ni3S2 
is  5.3  x  10-4Pa,  as  shown  in  Fig.  10.  In  addition,  it  should 
be  noted  that  Ni3S2  is  liquid  at  1073  K  [35]  while  RuS2  is 
solid  [34].  Shatynski  [35]  studied  transition  metal  sulfides,  and 
reported  on  nickel  sulfides;  the  melting  point  of  Ni3S2  and  NiS2 
is  1063  and  1281  K,  respectively,  while  M3S4  decomposes  at 
629  K.  Formation  of  liquid  M3S2  would  deteriorate  Ni-YSZ 
anode  performance  rapidly.  In  10  ppm  H2S  at  1073  K,  Ni  must 
react  with  sulfur  and  formation  of  liquid  sulfide  will  deteriorate 


the  Ni-YSZ  microstructure.  Infiltrated  nano-sized  ceria  and  Ru 
particles  were  observed  even  after  significant  sulfur  exposure, 
as  shown  in  Fig.  9:  these  materials  keep  their  structure  in  sulfur 
conditions.  The  diagrams  indicate  that  Ru  is  more  stable  than  Ni 
in  sulfur  conditions  since  the  phase  boundary  of  Ru/RuS2  is  at 
about  2  orders  of  magnitude  higher  sulfur  partial  pressure  than 
for  Ni/Ni3S2.  As  shown  in  Fig.  3,  the  polarization  resistance 
of  ceria-  and  Ru-infiltrated  anode  increased  quickly  and  com¬ 
pletely  recovered  for  10  ppm  H2S.  The  calculated  equilibrium 
partial  pressure  of  S2  of  10  ppm  H2S  condition  at  1073  K  was 
about  10-9  Pa,  much  lower  than  the  Ps2  at  the  phase  boundary  of 
Ru/RuS2.  It  may  be  concluded  that  Ru  was  thermodynamically 
stable  in  the  present  conditions. 

In  addition  to  stability  in  sulfur,  agglomeration  and  vapor¬ 
ization  should  be  discussed  for  Ru.  The  melting  point  of  Ru  is 
much  higher  (2523  K)  than  Ni  (1728  K)  [34],  and  therefore  Ru 
is  significantly  less  prone  to  sintering  than  Ni  [26].  The  esti¬ 
mated  amount  of  Ru  particles  was  only  0.04  vol.%  as  shown  in 
Fig.  4(c),  and  this  dispersion  does  not  cause  agglomeration  of 
Ru.  Vaporization  of  Ru  could  also  be  a  concern  because  nano¬ 
sized  particles  would  disappear  if  the  vaporization  rate  is  high  at 
operating  temperatures.  Partial  pressures  of  potential  catalytic 
metals  were  calculated  from  thermodynamic  data  [36]  as  shown 
in  Fig.  11.  The  partial  pressure  of  Ru  is  the  smallest  among  the 
catalytic  metals  (Pt,  Pd,  Rh,  Ru,  Ni  and  Ag),  and  vanishingly 
small  at  operating  temperatures  of  SOFCs.  These  low  values  of 
partial  pressures  should  allow  long-term  stability  of  nano-sized 
Ru  particles. 

As  a  consequence,  the  infiltrated  catalysts  ceria  and  Ru  have 
higher  sulfur  tolerance  than  Ni  and  are  stable  at  ppm  levels 
of  sulfur.  As  described  above,  the  maximum  amount  of  sulfur- 
containing  odorant  for  natural  gas  is  5-10  ppm.  Ceria  and  Ru  are 
therefore  promising  sulfur  tolerant  anode  catalysts  for  SOFCs 
that  are  operated  with  natural  gas  or  hydrocarbon  gases  contain¬ 
ing  sulfur  odorants. 

4.  Conclusions 

A  sulfur  tolerant  SOFC  anode  was  demonstrated  for 
10-40  ppm  H2S  fuel  streams.  The  anodes  were  composed  of 
Y-doped  SrTi03  infiltrated  with  ceria  and  Ru.  The  infiltrated  cat- 
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alytic  materials,  ceria  and  Ru,  decreased  the  polarization  resis¬ 
tance  of  SYTO-YSZ  anode  respectively  and  the  combination 
of  these  two  materials  improved  the  anode  performance  signif¬ 
icantly.  A  cathode  supported  cell  with  ceria-  and  Ru-infiltrated 
SYTO-YSZ  anodes  showed  a  constant  maximum  power  density 
470mWcm-2  in  10  ppm  H2S/H2  at  1073  K.  Dispersed  nano¬ 
sized  ceria  and  Ru  particles  were  stable  in  such  sulfur-containing 
fuels.  The  sulfur  tolerance  of  the  ceria-  and  Ru-infiltrated  SYTO- 
YSZ  anode  was  much  higher  than  that  of  traditional  Ni-YSZ 
anodes.  The  present  study  indicates  the  possibility  of  using  cost- 
effective  MIEC- Y SZ  anodes  with  infiltrated  nano-sized  catalytic 
materials  as  sulfur  tolerant  anodes  of  SOFCs. 
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